Angiotensin II (Ang II) is involved in induction and progression of renal damage in diabetes. Angiotensin converting enzyme 2 (ACE2) is highly expressed in the kidney and has been shown to be renoprotective by degrading Ang II to Ang-(1-7). A disintegrin and metalloproteinase 17 (ADAM17)-mediated shedding of renal ACE2 contribute to diabetic nephropathy pathogenesis. Lifestyle modification and metformin are recommended as initial therapies for most patients with type 2 diabetes. The aim of this study was to investigate whether exercise training and/or metformin improve glucose homeostasis and albuminuria and downregulate renal ADAM17 and ACE2 shedding in db/db mice. Seven-week-old normal and db/db mice were subjected either to a sedentary existence or exercise training with and without metformin (150 mg/kg per day) for 10 weeks. Exercise training significantly lowered blood glucose, urinary albumin and ACE2 excretion in db/db mice. ADAM17 and ACE2 proteins were co-localized in cortical tubules of the kidney, indicating a possible interaction. Metformin treatment was effective in lowering hyperglycemia only during the first 2 weeks of treatment. Increased renal ADAM17 in 17-week-old db/db mice was corrected by physical exercise but not metformin. In addition, exercise training reduced plasma triglycerides and enhanced insulin levels of db/db mice. In conclusion, exercise training alone and in combination with metformin prevented shedding of renal ACE2 by decreasing ADAM17 protein. Urinary ACE2 could serve as a prognostic tool for the progression of kidney damage and its attenuation by exercise may partially contribute to its renal protection. 
Introduction
The incidence of type 2 diabetes is increasing worldwide. Lifestyle intervention programs are a cornerstone therapy for preventing (Tuomilehto et al. 2001 , Knowler et al. 2002 or managing type 2 diabetes (Sigal et al. 2006) . Retrospective clinical trials validated exercise training as an important non-pharmacological strategy to prevent diabetes and obesity (Pan et al. 1997) . The American Diabetes Association and European Association for the Study of Diabetes recommend initiation of a pharmacological treatment concurrently with lifestyle intervention to gain tight control over diabetes and related complications (Nathan et al. 2009 , Rhee et al. 2010 .
Lifestyle intervention and metformin treatment are considered to be cost-effective strategies for preventing type 2 diabetes and were associated with a reduced incidence of diabetes by 58 and 31% respectively (Tuomilehto et al. 2001 , Knowler et al. 2002 , Fradkin et al. 2012 . Furthermore, a randomized clinical trial conducted in individuals with impaired glucose tolerance reported that interventions with exercise, diet, and both exercise and diet were associated with 46, 31, and 42% reduction in the incidence of diabetes respectively (Pan et al. 1997) , indicating the efficacy of exercise alone in preventing type 2 diabetes. However, effects of these interventions on the complications associated with diabetes are still under investigation.
Metformin is increasingly being used for the management of type 2 diabetes, especially after the adverse effects of thiazolidinediones became known. Metformin acts by stimulating 5 0 -AMP-activated protein kinase (AMPK), resulting in the attenuation of hepatic glucose production and enhancement of peripheral glucose uptake (Zhou et al. 2001 , Scarpello & Howlett 2008 . Intensive glucose control with metformin reduced the risk of diabetes-related outcomes in overweight type 2 diabetic patients. In addition, metformin treatment has been shown to reduce plasma amylin and urinary albumin excretion in type 2 diabetic patients (Zapecka-Dubno et al. 1999 , AmadorLicona et al. 2000 , indicating the renoprotective efficacy. Furthermore, metformin has been reported to exert positive effects in patients with chronic kidney disease (CKD) (Pechter et al. 2003) . Moderate-intensity exercise for 150 min/week or vigorous-intensity exercise for 90 min/week is recommended to achieve therapeutic benefits for type 2 diabetes (Physical Activity Guidelines Advisory Committee 2008, American Diabetes Association 2013). Results of a Finnish diabetes prevention study demonstrated reduced incidence of type 2 diabetes even 3 years after termination of lifestyle intervention (Lindstrom et al. 2006) . The mechanism for improvement may be one of several benefits of exercise. For example, exercise training is implicated in preventing diabetic complications by lowering blood sugars, ameliorating the lipid profile, and enhancing insulin sensitivity (Zinman & Vranic 1985 , Arakawa 1993 ). In addition, moderate-intensity exercise is associated with decreased inflammatory markers (interleukin 6, tumor necrosis factor a, and C-reactive protein) in healthy, older subjects (Colbert et al. 2004) .
Animal models of diabetes revealed similar and additional information. One study demonstrated improved glucose homeostasis following exercise training in high-fat-fed mice via upregulation of plasma irisin (Bostrom et al. 2012) . Physical exercise also attenuated albuminuria, proteinuria and glomerular sclerosis and maintained podocyte number in rodent models (Kohzuki et al. 2001 , Tufescu et al. 2008 , Ishikawa et al. 2012 . In addition, exercise training was shown to mitigate mesangial matrix expansion, tubulointerstitial fibrosis (Ghosh et al. 2009 ) and advanced glycation end products (Boor et al. 2009 ). Some studies on rodent models have validated the beneficial effect of exercise on renal and cardiac renin-angiotensin system (RAS) components (Pereira et al. 2009 , Fernandes et al. 2011 by degrading angiotensin II (Ang II), and Ang II type 1 receptors (Ciampone et al. 2011 ) and enhancing angiotensin converting enzyme 2 (ACE2) (Cunha et al. 2010) .
This study focused on the effects of exercise and metformin on the kidney. Several enzymes are known to be altered in diabetic patients. ACE2 is a membrane-bound metallopeptidase, which has been shown to have renoprotective activity through degradation of Ang II to Ang-(1-7), a biologically active peptide that contravenes the negative effects of Ang II by interacting with the G-protein-coupled receptor Mas (Tipnis et al. 2000) . Recent studies demonstrated the presence of active ACE2 in the urine of human subjects and animal models (Shaltout et al. 2009 , Quan et al. 2010 , Chappell 2013 . In patients with CKD (Mizuiri et al. 2011) as well as in renal transplant (Xiao et al. 2012) , urinary ACE2 excretion is increased compared with healthy subjects. Furthermore, Wang et al. (2008) reported a strong correlation between urinary ACE2 mRNA levels and proteinuria in type 2 diabetic humans with nephropathy, indicating that urinary ACE2 could have clinical applications.
A disintegrin and metalloproteinase 17 (ADAM17) is the most active sheddase among metalloproteinase's and is involved in a broad spectrum of diseases (Kaneko et al. 2011) including diabetes (Federici et al. 2005) . A recent study using type 1 diabetic mouse model demonstrated that hyperglycemia results in the activation of renal ADAM17 (Ford et al. 2013) . A study conducted on Ang IIinfused mice demonstrated increased ADAM17 protein levels in the kidney, indicating a role of Ang II in activation and enhancement of ADAM17 (Lautrette et al. 2005) . In vitro studies conducted separately by Lambert et al. (2005) and Salem et al. (2014) demonstrated the role of ADAM17 in ectodomain shedding of ACE2 from stably transfected HEK293 cells and endogenously expressing Huh7 cells (Lambert et al. 2005) and human renal proximal tubular HK-2 cells (Salem et al. 2014) . Furthermore, in a recent study, we have demonstrated the potential role of ADAM17 in regulating ectodomain shedding of renal ACE2 in db/db mice (Chodavarapu et al. 2013) . Owing to its involvement in various deleterious activities, ADAM17 could be a prime target for developing therapies (Lautrette et al. 2005 , Kaneko et al. 2011 .
Based on the above findings, we proposed the hypothesis that intervention with physical exercise training and/or metformin would improve insulin resistance, and glucose control, decrease urinary albumin, correct renal ADAM17 protein levels, attenuate ACE2 shedding, and delay the progression of diabetic nephropathy. We herein report that exercise improved insulin resistance, and glucose control, decreased urinary albumin and ACE2 excretion and attenuated renal ADAM17, mesangial matrix expansion and collagen deposition in type 2 diabetic db/db mice.
Materials and methods

Animals
Six-week-old male db/db (BKS.CgmC/CLepr db/J ) mice and their age-matched non-diabetic littermates (db/m) were purchased from Jackson Laboratories (Bar Harbor, ME, USA). The genetically diabetic mouse (db/db) has a mutation on chromosome 4 that inhibits the expression of leptin receptor (Hummel et al. 1966) . The syndrome of type 2 diabetes mellitus in db/db mice is similar to that in adult humans and is characterized by hyperinsulinemia, obesity, and progressive hyperglycemia. Animals were housed in standard cages at 22 8C under a 12 h light:12 h darkness cycle with ad libitum access to water and standard mouse chow. All experimental protocols were approved by Wright State University Animal Care and Use Committee (Animal use protocol number 'AUP 917').
Treatment with exercise and/or metformin
At 7 weeks of age, db/db and db/m (non-diabetic) mice were subjected to sedentary or exercise regimens with and without metformin treatments for 10 weeks. They were randomly divided into the following groups: i) non-diabetic mice receiving regular water (control); ii) non-diabetic mice receiving metformin in drinking water; iii) non-diabetic mice receiving regular water and subjected to exercise daily (1 h/day at a moderate intensity for 10 weeks); iv) nondiabetic mice receiving metformin in their drinking water and exercising daily; v) db/db group receiving regular water; vi) db/db group receiving metformin in drinking water; vii) db/db group receiving regular water and exercising daily; and viii) db/db group receiving metformin and exercising daily. Metformin (Spectrum Laboratories, New Brunswick, NJ, USA) was added to drinking water, and the concentration was adjusted to deliver 150 mg/kg body weight per day. Exercised mice ran on a mouse forced exercise walking wheel system (Lafayette Instrument, Lafayette, IN, USA). The mice began wheel running for 1 h/day and 7 days/week. Initial speed was set at 4 m/min and daily increased by 1 m/min and reached 8 m/min by the end of first week of training. In subsequent weeks, the mice were run for 1 h/day at 8 m/min. Mice were exercised during the end of the period of darkness of the light:darkness cycle. Mice were monitored weekly for blood glucose, body weight, food intake, water intake, and urine output. Following 10 weeks of treatment and 24 h after the last bout of exercise, mice were killed by decapitation and trunk blood was collected in ice-chilled heparinized tubes and centrifuged at 10 000 g for 10 min at 4 8C. Plasma was immediately separated and stored at K80 8C. Kidneys were collected in dry ice and stored at K80 8C.
Measurement of blood glucose and glucose tolerance test
FreeStyle Blood Glucose Test Strips & FreeStyle Lite Blood Glucose Monitoring System 117 (Abbott Diabetes Care, Inc.) were used to measure blood glucose levels. A small cut was made on the tip of the tail vein to collect a drop of blood. Values were expressed in mmol/l. For the glucose tolerance test, mice were fasted for 16 h (Chodavarapu et al. 2013 ) and blood samples were collected at 0, 30, 60, 90, and 120 min after an i.p.-injected glucose load (1.5 g/kg).
Body composition measurement
Body composition was measured using an ECHO MRI absolute body composition analyzer (Houston, TX, USA). The instrument was calibrated and the mouse was placed in a transparent plastic cylinder and held in position with a plastic plunger to avoid any movements. This setup was placed inside the instrument and the measurements were taken.
Urine collection
For 24-h urine collection, mice were housed individually in metabolic cages with free access to food and water. Urine samples were collected in the presence of protease inhibitor (Roche Diagnostics). The first collection was done at the end of the 12th hour and samples were stored at 4 8C until the second collection. After the second collection at the 24th hour, samples were centrifuged at 10 000 g for 3 min at 4 8C. Then the supernatant was separated from the debris. Final volumes were recorded, aliquoted accordingly, and stored at K80 8C.
Urinary albumin assay
The quantitative estimation of urinary albumin was performed using a kit purchased from Bethyl Laboratories (Montgomery, TX, USA) according to the kit instructions. A 96-well plate was coated with a goat anti-mouse albumin antibody. Samples were diluted according to the kit's protocol, added to the 96-well plate, and incubated for an hour at RT. Then, the plate was washed, diluted HRP-conjugated secondary antibody was added, and incubated for an hour at RT. TMB substrate was added and the reaction was stopped using stop solution (1 M H 2 SO 4 ). The absorbance was measured using a Fusion Packard plate reader (Packard BioScience, Meriden, CT, USA) at 450 nm. Unknown urinary albumin concentrations were determined from a standard curve plotted using assay standards in the range 7.8-500 ng/ml.
Urinary creatinine assay
Urinary creatinine assays were performed using a kit purchased from Quidel (San Diego, CA, USA) as described previously (Chodavarapu et al. 2013) . The plate was read using a Fusion Packard plate reader at 490 nm. Unknown urinary creatinine concentrations were determined from a standard curve plotted using assay standards.
ACE2 activity
Urinary and renal ACE2 activities were measured by fluorometric test assay. The potential of ACE2 protein to cleave the fluorogenic substrate, 7-Mca-APK-(Dnp), was used to assess the activity of ACE2. The emitted fluorescence was measured at excitation (l ex ): 328 nm and emission (l em ): 393 nm using a Fusion Packard instrument (Packard BioScience). ACE2 activity was measured in the presence of 10 mM lisinopril, an ACE inhibitor, to prevent any interference from ACE.
Western blot
Whole-kidney lysates were prepared on ice using lysis buffer containing phenylmethylsulphonyl fluoride (Complete Lysis M, Roche Diagnostics). Total protein content was determined using BSA as a standard and Bio-Rad reagent (Bio-Rad). Fifty micrograms of total protein samples were loaded and allowed to run on 10% SDS-PAGE gel for 1 h. After electrophoresis, proteins were electrotransferred to an activated PVDF membrane (Millipore, Billerica, MA, USA). Membranes were then blocked and probed with a polyclonal antibody directed against ACE2 (1:1000, R&D Systems, Minneapolis, MN, USA), ADAM17 (1:500, Enzo Life Sciences, Farmingdale, NY, USA), and Timp3 (1:200, Santa Cruz Biotechnology) respectively followed by incubation with the appropriate secondary HRP-conjugated antibody. Protein signals were detected using ECL reagent and analyzed using a ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA). The relative amounts of proteins of interest in kidney and urine were determined by normalizing to b-actin and creatinine respectively.
Kidney histology
As we described in our previous study (Chodavarapu et al. 2013) , kidney sections (4 mm thick) from perfused mice were fixed in 10% neutral buffered formalin, dehydrated through a gradient of alcohols and xylene, embedded in paraffin, and stained with periodic acid Schiff's base or picro-Sirius red using Weigert's iron hematoxylin staining kit (ENG Scientific, Inc., Clifton, NJ, USA) for histopathological observations. A total of 15-20 glomeruli from a representative mouse were analyzed for glomerular hypertrophy and mesangial matrix expansion. MetaMorph Software (Molecular Devices, Sunnyvale, CA, USA) was used for quantitation.
Immunohistochemistry
Kidney sections (4 mm thick) were stained using standard techniques as described previously (Chodavarapu et al. 2013) . Slides were incubated either with primary polyclonal goat anti-ACE2 (1:150, R&D) or rabbit anti-ADAM17 (1:100, Enzo Life Sciences) overnight at 4 8C. Washings were repeated and the sections were incubated with biotinylated donkey anti-goat or anti-rabbit IgG secondary antibody conjugated with cyanine 3 fluorescent dye. MetaMorph Software (Molecular Devices) was used for quantitation.
Plasma hormone and lipids measurement
Plasma samples collected at the end of the study were analyzed for insulin, glucose, adiponectin, leptin, glucagon, total cholesterol, and triglyceride levels at the Mouse Metabolic Phenotyping Centre (Cincinnati, OH, USA) as described previously (Chodavarapu et al. 2013) .
Correlations
To identify statistically significant relationships between urinary ACE2 and albuminuria, blood glucose, and plasma risk factors, Pearson correlations were calculated between these variables for all 80 mice.
Statistical analysis
The differences among groups were compared by Student's unpaired two tailed t-test. For more than two groups, one-way ANOVA was used. All the values are expressed as meansGS.E.M. For multiple comparisons between two or more groups, two-way ANOVAs were carried out followed by Bonferroni's multiple comparison tests. The level of significance was set at P!0.05. All the data were analyzed using GraphPad Prism 5.01 and Statistica Software (v.10) (La Jolla, CA, USA).
Results
Effects of exercise and metformin on blood glucose levels and glucose tolerance
At baseline, 7-week-old db/db mice exhibited significantly higher blood glucose levels compared with non-diabetic mice and these were consistently higher over the study period (Fig. 1A) . Moreover, db/db mice had impaired glucose tolerance compared with non-diabetic mice, measured at the end of study (Fig. 1B and C) . Physical exercise training with or without metformin lowered blood glucose levels significantly (P!0.001, Fig. 1A ) and improved glucose tolerance in treated db/db mice compared with untreated diabetic mice (Fig. 1B) . Treatment with metformin was effective in lowering hyperglycemia during the first 2 weeks of treatment but had no effect during the later stages (Fig. 1A ). No significant difference was seen between untreated, metformintreated, and exercise-trained non-diabetic mice.
Effects of exercise and metformin on diet, urine output, and body composition parameters
At baseline, db/db mice weighed more than non-diabetic control mice. Body weights and fat mass of db/db mice increased consistently with age compared with age-matched non-diabetic control mice (Table 1) . Neither exercise training nor metformin treatment had significant effects on the body weight and fat mass of diabetic db/db mice. In addition, db/db mice showed significantly higher levels of food and water intake and urine output compared with control mice throughout the study period. However, exercise training alone and in combination with metformin significantly blunted food intake, water intake, and urine output of db/db mice compared with untreated db/db mice, whereas metformin treatment alone had no effect (Table 1) . No significant differences were seen between untreated, metformin-treated, and exercise-trained non-diabetic mice. 
Control
Figure 1
Exercise training and metformin improved glucose homeostasis in db/db mice. (A) Blood glucose levels of control (untreated, non-diabetic mice), db/db mice and db/db mice treated with metformin, exercise, and a combination of exercise and metformin for 10 weeks. Repeated measures two-way ANOVA, followed by Bonferroni's post hoc test showed that physical exercise training alone and in combination with metformin significantly lowered hyperglycemia throughout the study period, whereas metformin was found to be effective for lowering hyperglycemia only during the first 2 weeks of treatment, *P!0.0001 for all db/db groups vs age-matched control mice. Blood glucose concentrations of control, treated, and untreated db/db mice at 0, 30, 60, 90, and 120 min after i.p. injection of glucose. *P!0.0001 for untreated db/db mice and metformin treated db/db mice vs control (non-diabetic) mice. #P!0.0001 for exercised db/db mice vs untreated and metformin-treated db/db mice. (C) Area under curve for the five groups. One-way ANOVA showed exercise alone and in combination with metformin improved glucose handling capacity in db/db mice. *P!0.0001 for untreated db/db mice and metformin treated db/db mice vs control (non-diabetic) mice. #P!0.0001 for exercised db/db mice vs untreated and metformin-treated db/db mice. Metformin treatment had no influence on glucose tolerance in diabetic mice. Data are represented as meanGS.E.M. of group size (nZ6). 
Age (weeks) The amount of food spilled was minimal and was not accounted for in the data presented in the table.
Effects of exercise and metformin on indices of renal damage
Renal damage was evaluated by measuring urinary albumin and total protein excretion. Albuminuria is one of the first clinical features of diabetic nephropathy. At 7 weeks of age (before the initiation of treatment), there was a significant increase in urinary albumin excretion levels in db/db mice compared with non-diabetic mice. Kidney damage progressed and albumin excretion increased with age ( Fig. 2A ). Exercise training with or without metformin reduced albuminuria in db/db mice. In contrast, there was a significant increase in urinary albumin levels in non-diabetic mice subjected to exercise training compared with sedentary control mice (Fig. 2C ).
Although metformin treatment was effective in improving albuminuria during the early stages (2 weeks after the initiation of treatment), it had no effect from 4 to 10 weeks ( Fig. 2A ). At 7 weeks of age (before initiation of treatment), there was no difference in urinary total protein excretion among normal and diabetic mice. With increasing age, db/db mice excreted significantly higher levels of total protein compared with age-matched control mice. Exercise training alone and in combination with metformin reduced urinary total protein excretion to levels nearer to normal. Metformin alone had no effect on total protein excretion of db/db mice (Fig. 2B) . No significant differences were seen between untreated, metformin-treated, and exercise-trained non-diabetic mice at any time point.
Effects of exercise and metformin on urinary and renal ACE2 activity ACE2 activity was determined using the fluorogenic substrate Mca-APK (Dnp). Urinary ACE2 activity was measured at baseline (before initiation of treatment), 2 and 10 weeks after treatment. At 7 weeks of age (before initiation of treatment), db/db mice displayed a significant increase in urinary ACE2 activity compared with age-matched control mice ( Fig. 3A , P!0.0001). Similar differences were seen over the 10-week treatment (Fig. 3A) . After 2 weeks, all three treatment groups (exercised db/db, metformin-treated db/db, and exercised db/db-treated with metformin) demonstrated decreased urinary ACE2 activity compared with untreated diabetic mice. Exercise training alone and in combination with metformin continued to significantly affect urinary ACE2 activity for all 10 weeks. In contrast, metformin treatment had no effect on urinary ACE2 activity of db/db mice after 2 weeks of treatment (Fig. 3A) . There was no significant difference between untreated, metformintreated, and exercise-trained non-diabetic mice (Fig. 3C) . Renal ACE2 activity from homogenized kidney lysate was significantly increased in the kidney of db/db mice compared with age-matched non-diabetic mice (Fig. 3B) Effects of exercise training and/or metformin on albuminuria and proteinuria. (A) Repeated measures two-way ANOVA using a Bonferroni's post hoc test showed a significant increase in albuminuria of db/db mice at 0, 2, and 10 weeks after the treatment compared with age-matched controls. Similarly, urinary albumin excretion levels of db/db mice were significantly increased with age (*P!0.0001). Exercise training alone and in combination with metformin attenuated urinary albumin levels of db/db mice throughout the study period, # P!0.0001 vs untreated db/db mice, whereas treatment with metformin attenuated albuminuria after 2 weeks of treatment ( # P!0.0001) but had no effect at the end of the study. Bars represent meanGS.E.M. of group size (nZ10). (B) At baseline, no difference was observed in urinary total protein excretion but this was significantly higher 2 and 10 weeks later compared with the results for age-matched control mice (*P!0.0001). Exercise training alone and in combination with metformin attenuated urinary total protein excretion of db/db mice throughout the study period, # P!0.0001 vs untreated db/db mice, whereas treatment with metformin had no effect at 2 or 10 weeks after the treatment. Bars represent meanGS.E.M. of group size (nZ10). (C) Urinary albumin excretion of control, controlCmetformin, and controlCexercise mice at 10 weeks of treatment. One-way ANOVA showed a significant increase in urinary albumin excretion of normal mice subjected to exercise training for 10 weeks # P!0.0001. Metformin treatment for 10 weeks had no effect on albumin excretion of normal mice. Bars represent meanGS.E.M. of group size (nZ10).
to the urinary ACE2 activity, no significant difference was observed in kidney ACE2 activity among the exercise, metformin, and exerciseCmetformin groups compared with the untreated diabetic group at 17 weeks of age (Fig. 3B) . No significant differences were seen between untreated, metformin-treated, and exercise-trained non-diabetic mice.
Effects of exercise and metformin on renal ACE2 protein expression and urinary ACE2 excretion
As shown in Fig. 4A and D, renal ACE2 was identified by western analysis as a protein of 90 kDa. Immunoblot of urinary ACE2 revealed clear, thick, and prominent bands at w70 kDa in db/db mice, which could represent a degradation fragment of ACE2, at 7, 9, and 17 weeks, whereas no bands were observed from non-diabetic mice and db/db diabetic mice subjected to exercise alone and in combination with metformin. Metformin treatment attenuated urinary ACE2 excretion of db/db mice during the initial 2 weeks of treatment ( Fig. 4B ) but had no effect at 10 weeks (Fig. 4C) . In db/db mice, kidneys had higher levels of renal ACE2 protein (Fig. 4D ). In concordance with activity (see above), we observed no difference in renal ACE2 expression among the control db/db, db/dbCmetformin, db/dbCexercise, and db/dbCcombination groups after the conclusion of the 10-week treatment (Fig. 4D) . No significant differences were seen between untreated, metformin-treated, and exercise-trained non-diabetic mice.
Effects of exercise and metformin on renal ADAM17 and tissue inhibitor of metalloproteinase 3 protein expression
As shown in Fig. 4E , renal ADAM17 protein expression was significantly increased in db/db diabetic mice compared with their age-matched controls. Exercise training alone and in combination with metformin significantly decreased renal ADAM17 protein expression of db/db mice (Fig. 4E) . Treatment with metformin for 10 weeks had no effect on renal ADAM17 protein levels in db/db mice (Fig. 4E) . Interestingly, renal tissue inhibitor of metalloproteinase 3 (TIMP3) protein levels were not significantly different in any group after 10 weeks of treatment (Fig. 4F) .
Effects of exercise and metformin on kidney histopathology and immunohistochemistry PAS-stained kidney sections from db/db mice had increased glomerular surface area and expanded mesangial matrix as shown in Fig. 5A . Treatment with metformin alone had no influence on the above alterations, whereas exercise alone and inc combination with metformin reduced glomerular surface area significantly and attenuated mesangial expansion in db/db mice (Fig. 5A ).
Collagen deposition was significantly increased in the kidneys of diabetic db/db mice compared with agematched control mice. Exercise training alone and in combination with metformin for 10 weeks was associated Figure 3 Effects of exercise training and/or metformin on urinary and renal ACE2 activity. (A) Urinary ACE2 activity of control, treated, and untreated db/db mice at 0, 2, and 10 weeks after the commencement of treatment. ACE2 activity was significantly higher in the urine of db/db mice compared with age-matched control mice (*P!0.0001). Repeated measures two-way ANOVA showed that exercise training with or without metformin attenuated urinary ACE2 activity of db/db mice at 0, 2, and 10 weeks after the commencement of treatment.
# P!0.0001 vs untreated db/db mice.
Metformin was effective in lowering urinary ACE2 activity after 2 weeks of treatment ( # P!0.0001) but had no effect at 10 weeks. Bars represent meanGS.E.M. of group size (nZ10). (B) Renal ACE2 activity after 10 weeks treatment. Activity of ACE2 in the kidney of db/db mice was significantly increased compared with age-matched control mice (*P!0.0001).
No differences were observed in the renal ACE2 activity of metformintreated or exercise-trained db/db mice compared with untreated db/db mice. Bars represent meanGS.E.M. of group size (nZ10). (C) Urinary ACE2 excretion of control, controlCmetformin, and controlCexercise mice at 10 weeks of treatment. One-way ANOVA showed no difference in urinary ACE2 excretion of untreated, metformin-treated, and exercise-trained control mice. Bars represent meanGS.E.M. of group size (nZ10).
with significantly reduced collagen deposits (Fig. 5B ). This effect was not seen in metformin-treated db/db mice. Immunofluorescence of kidney sections showed a significant increase in the renal ADAM17 protein levels of db/db mice compared with non-diabetic control mice. Exercise training with or without metformin significantly attenuated renal ADAM17 protein levels, whereas treatment with metformin alone had no effect (Fig. 6A ). Expression patterns of ACE2 protein were significantly decreased in glomeruli and increased in tubules of db/db mice compared with control mice. Glomerular ACE2 protein was significantly increased in 17-week-old db/db mice subjected to exercise training with or without metformin. However, treatment with metformin alone had no effect on glomerular ACE2 protein expression compared with control db/db mice. No significant difference was seen in 2 and 3) . However, clear, thick, and prominent bands were seen at 70 kDa in the urine of db/db mice (lanes 4 and 5) indicating a degradation fragment of ACE2. There was a significant increase in urinary ACE2 excretion of db/db mice compared with age-matched controls (*P!0.01). Bars represent meanGS.E.M. of group size (nZ10). (B) Western blots analyses of ACE2 protein expression in the urine of db/db mice after 2 weeks of treatment. Urinary ACE2 excretion was significantly attenuated in db/dbCmetformin, db/dbCexercise, and db/dbCexerciseC metformin mice compared with untreated db/db mice. # P!0.0001 vs untreated db/db mice. Each bar represents meanGS.E.M. of group size (nZ10). (C) Western blot analysis of ACE2 protein expression in the urine of db/db mice after 10 weeks of treatment. Urinary ACE2 excretion was significantly attenuated in db/db mice subjected to exercise training with or without metformin for 10 weeks. # P!0.0001 vs untreated db/db mice. Alternatively, metformin had no effect on urinary ACE2 protein expression of treated db/db mice compared with untreated db/db mice. Bars represent meanGS.E.M. of group size (nZ10). (D) ACE2 protein levels in the kidney of control, treated, and untreated db/db mice after the completion of 10 weeks of treatment. One-way ANOVA showed that ACE2 protein expression was significantly increased in db/db mice compared with age-matched control mice (*P!0.0001). There was no significant difference in ACE2 protein expression in treated db/db mice compared with untreated db/db mice after 10 weeks of treatment. Bars represent meanGS.E.M. of group size (nZ9). (E) Immunoblot of renal ADAM17 protein levels. One-way ANOVA showed that renal ADAM17 was significantly upregulated in db/db mice compared with agematched control mice (*P!0.001). Exercise training alone and in combination with metformin treatment for 10 weeks, attenuated renal ADAM17 protein levels significantly in treated db/db mice compared with untreated db/db mice. # P!0.0001 vs untreated db/db mice. Treatment with metformin for 10 weeks had no effect on renal ADAM17 protein levels of db/db mice. Bars represent meanGS.E.M. of group size (nZ9). (F) Western blot analysis of renal TIMP3 protein expression. One-way ANOVA showed no differences in the renal TIMP3 protein levels. Bars represent meanGS.E.M. of group size (nZ9). 
Figure 5
Effects of exercise training and/or metformin on renal pathology. (A) Representative PAS-stained photomicrographs for control, db/db, db/dbCmetformin, db/dbCexercise, and db/dbCexerciseCmetformin mice, and graph displaying the magnitude of mesangial and glomerular surface areas. Original magnification: 40!. There was a significant increase in the mesangial matrix and glomerular surface areas of db/db diabetic mice compared with age-matched non-diabetic mice, *P!0.001. Ten weeks of exercise training alone and in combination with metformin attenuated mesangial matrix expansion and glomerular surface area of treated db/db mice compared with untreated db/db mice.
the tubular ACE2 protein expression of untreated db/db mice and db/db mice subjected to exercise and/or metformin (Fig. 6B) . No significant differences were seen between untreated, metformin-treated, and exercisetrained control mice.
Effects of exercise and metformin on plasma hormone and lipid measurement
Diabetic db/db mice displayed higher levels of plasma insulin, glucose, glucagon, and triglycerides and lower levels of adiponectin compared with age-matched controls (Table 1) . Exercise training alone and in combination with metformin significantly reduced plasma glucose, and triglycerides, and enhanced plasma insulin levels after 10 weeks of treatment. In contrast, metformin treatment of db/db mice significantly enhanced plasma triglyceride levels but resulted in no differences in plasma insulin, glucose, and glucagon compared with untreated db/db mice. A combination of exercise training and metformin treatment was effective for lowering plasma glucagon levels (Table 1) . No significant differences were seen between untreated, metformin-treated, and exercisetrained non-diabetic mice. 
Figure 6
Effects of exercise training and/or metformin on renal ADAM17 and ACE2 proteins. (A) Representative photomicrographs for control, db/db, db/dbC metformin, db/dbCexercise, and db/dbCexerciseCmetformin mice, and graph displaying staining intensity for ADAM17 protein in the cortex. Original magnification: 40!. ADAM17 staining was significantly increased in db/db mice compared with age-matched control mice, *P!0.001. After the completion of 10 weeks of treatment, staining was significantly decreased in db/db mice subjected to exercise training with or without metformin. # P!0.001 vs untreated db/db mice. No difference was seen in the intensity of staining for db/db mice treated with metformin compared with the untreated db/db group. Each bar represents meanGS.E.M. of group size. (B) Representative photomicrographs for control, db/db, db/dbCmetformin, db/dbCexercise, and db/dbCexerciseCmetformin mice, and graph displaying staining intensity for ACE2 protein in the cortex. Original magnification: 60!. Expression of ACE2 protein was significantly decreased in glomeruli (indicated by arrows) and increased in tubules of db/db mice compared with controls, *P!0.001. Glomerular ACE2 protein (indicated by arrows) was significantly increased in db/db mice subjected to exercise training with or without metformin for 10 weeks. # P!0.01 vs untreated db/db mice. Treatment with metformin had no effect on glomerular ACE2 protein expression (indicated by arrows) compared with the untreated db/db mice. No difference was seen in the tubular ACE2 protein expression of untreated and treated db/db mice. Bars represent meanGS.E.M. of group size.
Correlation of urinary ACE2 with plasma and urinary risk factors in diabetes
To investigate the potential of urinary ACE2 as a risk marker in type 2 diabetes, it was correlated with albuminuria, blood glucose, plasma insulin, glucagon, and triglycerides from control non-diabetic, control db/db and db/db mice subjected to exercise and/or metformin. Urinary ACE2 was significantly and positively correlated with albuminuria, blood glucose, plasma glucagon, and triglycerides. In addition, urinary ACE2 excretion was negatively associated with plasma insulin levels (Fig. 7 ).
Discussion
The current study investigated the effects of exercise training on glucose homeostasis and renal alterations in db/db type 2 diabetic mice. Although several studies have validated the beneficial effects of exercise with or without diet restriction on diabetes (Pan et al. 1997 , Tuomilehto et al. 2001 , Knowler et al. 2002 , Fradkin et al. 2012 , effects of these interventions on the complications associated with diabetes have not been extensively investigated. In addition, mechanisms underlying the positive effects of exercise on glucose homeostasis remain poorly understood. Both physical exercise and metformin are first-line interventions for the management of type 2 diabetes. We thus investigated their effects on glucose homeostasis, albuminuria, renal ADAM17, ACE2 shedding, and renal pathology. At 7 weeks, db/db mice excreted higher levels of albumin and ACE2 in the urine, but no differences were observed in their urinary total protein excretion levels. The observed discrepancy between urinary albumin and protein excretion 
Figure 7
Correlation between urinary ACE2 activity and urinary albumin, blood glucose, plasma glucagon, triglycerides, and insulin levels. Shown are comparisons with significant correlations. Association of urinary ACE2 activity and albumin excretion in control mice, db/db mice, and db/db mice subjected to exercise and/or metformin at (A) baseline, (B) 2 weeks, and (C) 10 weeks after commencement of treatment. Correlation between urinary ACE2 activity and blood glucose levels in control mice, db/db mice, and db/db mice subjected to exercise and/or metformin at (D) baseline, (E) 2 weeks, and (F) 10 weeks after the commencement of treatment.
(G) Correlation between urinary ACE2 and plasma triglycerides in normal mice, db/db mice, and db/db mice subjected to exercise and/or metformin at 10 weeks. (H) Correlation between urinary ACE2 and plasma glucagon concentrations in normal mice, db/db mice, and db/db mice subjected to exercise and/or metformin at 10 weeks. (I) Correlation between urinary ACE2, and plasma insulin levels in normal, db/db, and db/db mice subjected to exercise and/or metformin at 10 weeks (nZ9 per group).
is in line with the results of a previous study conducted in streptozotocin diabetic rats (Palm et al. 2004) . Our results demonstrated a strong association between urinary albumin and ACE2. Increased albumin, ACE2 protein, and activity in the urine of db/db diabetic mice correspond to those for diabetic patients (Mizuiri et al. 2011 , Xiao et al. 2012 , indicating that the syndrome of diabetic nephropathy in the db/db mouse model could reflect human diabetic nephropathy. Albuminuria is an indication of glomerular damage (Ye et al. 2006 ) and urinary ACE2 is a reflection of tubular damage (Chodavarapu et al. 2013 , Wysocki et al. 2013 . Even though mechanisms responsible for urinary albumin and ACE2 contrast with each other, we correlated urinary ACE2 with albuminuria to explore its potential use as a marker of renal injury. We showed a strong correlation of ACE2 and albuminuria. Future analysis to determine whether ACE2 is excreted prior to albuminuria would be necessary to determine whether it could be used in an alternative procedure for early detection of renal disease associated with diabetes (Lee 2005) . This is especially important because recent clinical studies questioned the reliability of albuminuria for anticipating the progression and prevention of end-stage renal disease (de Galan et al. 2009 , Rocco & Berns 2012 . In addition, non-diabetic mice subjected to physical exercise show significantly higher levels of urinary albumin with no differences in their blood glucose and renal morphology. These data call into question the specificity of albuminuria as a sensitive marker for kidney disease. Exercise with or without metformin significantly lowered blood glucose levels consistently and improved glucose tolerance of db/db mice. The blood-glucoselowering effect of exercise was seen as early as 1 week after the initiation of treatment. In comparison, metformin treatment was effective at lowering hyperglycemia in the early stages of diabetes but failed with the progression of disease severity in later stages. Exercise-mediated improvements in glucose homeostasis could, at least partially, be attributed to the elevated plasma insulin levels. Even though many studies have proposed a hyperbolic relationship between insulin secretion and insulin action, there has always been a discrepancy in the relative importance of decreased insulin sensitivity and insulin secretion in the pathogenesis of type 2 diabetes. Individuals with diabetes manifest progressive deterioration of both insulin action and insulin secretion (Weyer et al. 1999) and it has been suggested that interventions should target both insulin abnormalities to prevent diabetes or to achieve maximal therapeutic benefits (Weyer et al. 1999 , Kitabchi et al. 2005 ). In the current study, apart from improved glucose levels and glucose tolerance, exercise training increased plasma insulin levels by almost threefold in db/db mice. This twofold to threefold rise in insulin levels of exercise trained db/db mice is in agreement with the results from previous reports (Tang & Reed 2001 , Sennott et al. 2008 . One explanation could be that exercise preserves the integrity of the pancreatic b cells and hence preserves their insulin secretory capacity (Tang & Reed 2001) . Furthermore, we also speculate that the b cells from exercise-trained db/db mice were adapted with enhanced insulin secretion after being subjected to moderate-intensity training for a long duration of 10 weeks in order to achieve maximum therapeutic benefits. Although type 2 diabetes is characterized by hyperinsulinemia, enhanced insulin levels may not be sufficient to overcome the tissue resistance to insulin. Based on our findings, we speculate that a further increase in the plasma insulin levels during exercise training could be able to counteract the resistance exhibited by various tissues and it could be one of the mechanisms behind improved glycemic control in exercised db/db mice. In contrast to our observation, a study conducted on type 2 diabetic subjects reported decreased blood glucose and plasma insulin levels with exercise (Musi et al. 2001) , which could be explained by increased insulin sensitivity. Insulin sensitivity can be enhanced by changing body composition (Yki-Jarvinen & Koivisto 1983), stimulating muscle blood flow (Yki-Jarvinen & Koivisto 1983) or GLUT4 protein levels (Yki-Jarvinen & Koivisto 1983 , Rodnick et al. 1990 . We noticed no differences in body composition between exercised and sedentary diabetic and non-diabetic mice. However, we cannot rule out the possibility of enhanced insulin-mediated GLUT4 translocation from an intracellular pool to the plasma membrane of muscle and AMPKa2 activation in exercised diabetic mice (Hughes et al. 1993 , Ivy 1997 , Musi et al. 2001 , Scarpello & Howlett 2008 . These improvements in exercised db/db mice were not associated with changes in body weight or fat percentage despite the lower food intake and presumably higher energy consumption. This could be explained from the recent findings, where exercise has been shown to increase plasma irisin levels (Bostrom et al. 2012) and to induce browning, both of which are accompanied by an increase in energy expenditure (Castillo-Quan 2012). Although we did not measure the white and brown fat content in our mice, we speculate that more of the white adipose tissue is converted to calorie burning, metabolically active brown adipose tissue in exercise-trained mice (Castillo-Quan 2012). As there are only a few studies that observed beneficial effects of physical activity alone without diet modifications (to lose weight) in diabetes, findings from our study highlight the notion that physical exercise alone can be effective in managing type 2 diabetes. This is in turn supported by a randomized clinical trial conducted on individuals with impaired glucose tolerance (Pan et al. 1997) .
Exercise alone and in combination with metformin was consistently effective in attenuating albuminuria, reducing renal pathology, and attenuating ACE2 excretion. This reflects its positive effects against diabetic nephropathy, which is considered to be one of the major microvascular complications of diabetes (Kohzuki et al. 2001 , Tufescu et al. 2008 , Ishikawa et al. 2012 . Improvements in albuminuria and ACE2 excretion were seen as early as 2 weeks after the initiation of treatment. To our knowledge, this is the first report showing that amelioration of kidney damage during exercise training is associated with a significant decrease in urinary ACE2 excretion. Interestingly, exerciseinduced albuminuria/proteinuria is often reported in normal as well as in diabetic human subjects (Heathcote et al. 2009 , Koh et al. 2011 , Kornhauser et al. 2012 ). This may be attributed to the intensity and duration of the exercise (Saeed et al. 2012) . In agreement with results from previous reports (Ghosh et al. 2009 ), physical exercise training reduced mesangial expansion and glomerular surface area of db/db mice. Reduced glomerular and tubular basement membrane thickening and attenuation of glomerular and tubular collagen deposits by exercise indicates that the beneficial effect of exercise in renal injury is accompanied by the improvements in both glomerular and tubular pathologies in db/db mice.
In our previous study, we reported that renal injury in db/db mice was associated with enhanced renal ADAM17 protein-mediated shedding of ACE2 (Chodavarapu et al. 2013) . This assertion has been, at least partially, evaluated in human subjects, demonstrating increased renal ADAM17 protein levels in human renal disease (Melenhorst et al. 2009 ). In fact, upregulation of ADAM17 protein in db/db diabetic kidneys was reversed by exercise training. This is the first study, to our knowledge, reporting the effect of physical exercise on ADAM17, a metalloproteinase that is implicated in many chronic diseases (White 2003 , Kaneko et al. 2011 . Although it has been reported that ADAM17 is predominantly localized to distal renal tubules (Lautrette et al. 2005) , our results showed strong staining in both proximal and distal cortical tubules and glomeruli but not in the medulla of db/db mice. This discrepancy may be due to differences in the species, age, or the severity of the disease.
As we reported earlier, ACE2 in the urine of db/db diabetic mice originates from the kidney (Chodavarapu et al. 2013) and this was also supported by a recent study (Wysocki et al. 2013) . In spite of some reports suggesting decreased renal ACE2 in diabetes (Tikellis et al. 2003 , Reich et al. 2008 , our previous studies showed a significant increase in renal ACE2 protein expression in db/db mice (Chodavarapu et al. 2013) . Plasma ACE activity and Ang II content were high in 8-week-old db/db mice compared with control mice (Senador et al. 2009) , and this indicates that the deleterious renal effects of Ang II are counterregulated by upregulating ACE2. We have previously shown that renal ACE2 activity of 8-week-old db/db mice is significantly higher than that of 31-week-old db/db mice. Based on these observations, we speculate that, with progression of the disease (age), the kidney is unable to maintain ACE2 levels due to escalating ADAM17 protein.
As a consequence of increased renal ADAM17 protein and shedding of ACE2, db/db mice had a significantly increased glomerular surface area, glomerular and tubular basement membrane thickening, expanded mesangial matrix, and collagen deposits. As ACE2 is considered to be renoprotective, ADAM17-induced shedding of ACE2 is an important contributor to the pathogenesis of diabetic nephropathy. Based on all these considerations, it is tempting to speculate that attenuation of ADAM17 by exercise training in the kidney of db/db mice, which is responsible for attenuating ACE2 shedding into urine, could be considered to be a renoprotective mechanism. Further evidence of the effect of ADAM17 is in the absence of an effect of metformin on renal disease. Administration of metformin did not attenuate renal ADAM17 and ACE2 shedding and had no effect on the renal pathologies of diabetic mice. However, considering albuminuria and urinary ACE2 as risk markers of diabetic nephropathy, we might presume that metformin treatment could have beneficial actions on diabetic renal pathologies during the initial stages. This novel finding is in agreement with the recent report from Diabetes Prevention Program Outcomes Study demonstrating that lifestyle interventions were effective in reducing the incidence of diabetes by 71% in human subjects with an age of 60 years, whereas administration of metformin exerted no effects. However, treatment with metformin had beneficial effects in participants of 25-44 years old (Fradkin et al. 2012) . The unaltered levels of expression and activity of renal ACE2 between control, metformin-treated, and exercise-trained diabetic db/db mice need further investigation.
Previously, it has been shown that excitation of several cell signaling pathways results in dimeric to monomeric shift of ADAM17. This is associated with increased ADAM17 and decreased TIMP3, indicating that TIMP3 is an endogenous inhibitor of ADAM17 (Xu et al. 2012) . A recent study reported that deficiency of TIMP3 results in increased ADAM17 activity, exacerbating diabetic nephropathy in Akita type 1 diabetic mice (Basu et al. 2012) . In contrast to these findings, we observed no differences in renal TIMP3 protein levels among non-diabetic and diabetic db/db mice, highlighting the involvement of different mechanisms in the activation of ADAM17 in types 1 and 2 diabetes. However, based on the recent findings (Lautrette et al. 2005 , Ford et al. 2013 , hyperglycemia and activated Ang II could be the possible reasons for the increased levels of activated ADAM17 protein in the kidneys of db/db mice.
In addition to its positive effects on glucose homeostasis and renal pathologies, physical exercise training exerted beneficial actions on metabolic abnormalities associated with type 2 diabetes. Plasma analysis showed significantly increased levels of plasma glucose, glucagon, and triglycerides and decreased levels of adiponectin in db/db mice compared with controls. However, physical exercise training significantly attenuated plasma glucose and triglyceride levels of db/db mice. Previously, exercise training has been shown to improve renal function of CKD patients by lowering plasma triglycerides, at least partially (Toyama et al. 2010) . Metformin had no effect on plasma glucose, glucagon, insulin, or adiponectin. In fact, metformin treatment was associated with a significant increase in triglyceride levels of db/db mice, which, in contrast, has been shown to attenuate plasma triglyceride levels in rodent models as well as in type 2 diabetic patients (Wulffele et al. 2004 , Tessari & Tiengo 2008 . A combination of physical exercise training and metformin significantly decreased the plasma glucagon concentrations. Furthermore, we correlated these plasma risk factors with urinary ACE2 excretion to strengthen our notion of using urinary ACE2 as a surrogate marker for diabetes.
In summary, 7-week-old type 2 diabetic db/db mice developed hyperglycemia and excreted greater amounts of urinary albumin and ACE2. The presence of ACE2 in the urine of diabetic mice is a consequence of tubular damage that is associated with the sheddase activity of ADAM17 in the kidney (Chodavarapu et al. 2013 , Salem et al. 2014 . Loss of the renoprotectant, ACE2 into urine is associated with renal injury in diabetic mice. Exercise training significantly decreased renal ADAM17 protein levels and ameliorated renal pathologies in trained db/db mice compared with control db/db mice throughout the study. In contrast, metformin was effective in the initial stages of diabetes and had no effect in the later stages where the disease progress is more severe. Indeed, administration of metformin for 10 weeks had no effect on the albuminuria, renal ADAM17 protein, and shedding of ACE2. As exercise training has been shown to exert pronounced effects in type 2 diabetes and associated complications, with no compromising side effects, physical training programs should be widely adopted into the medical care system. In addition, urinary ACE2 could be used as a biomarker for diabetic kidney disease and as a screening tool for assessing the effectiveness of therapeutic interventions.
